Background
==========

AQP1 proteins assemble as tetramers of membrane-spanning subunits, each composed of six transmembrane domains and intracellular amino and carboxyl termini \[[@B1]\]. This general structural motif is shared by cyclic nucleotide-gated (CNG) channels and voltage-gated potassium channels \[[@B2]\]. AQP1 provides for osmotic water flux in tissues including eye, brain (choroid plexus), kidney and the vascular system \[[@B3]-[@B8]\], and also it functions as a gated cation channel that is activated by intracellular signaling in *Xenopus*oocytes \[[@B9],[@B10]\]. The forskolin-sensitive pathway originally suggested for AQP1 channel activation \[[@B10]\] proved to be indirect and thus variable \[[@B11]\]. It has since been shown that the direct mechanism of AQP1 ion channel activation requires binding of intracellular cGMP \[[@B9]\], an observation confirmed by Pohl and colleagues with AQP1 reconstituted in lipid bilayers \[[@B12]\]. The cGMP-dependent activation of AQP1 ion channels was hypothesized to involve the carboxyl (C)-terminus \[[@B9]\]. Truncation of the C-terminal domain prevented ion channel activation of AQP1 by cGMP \[[@B12]\], suggesting functional significance for this region. Limited sequence similarities at key residues have been observed between the C-termini of AQP1 and CNG channels \[[@B9],[@B13],[@B14]\] and the substrate selectivity domain of cGMP-selective phosphodiesterases \[[@B15],[@B16]\]. In CNG channels, studies of cGMP binding and channel activation support the identification of a putative cyclic-nucleotide-binding domain (CNBD) in the C-terminus \[[@B13],[@B14],[@B17]\]. Three residues not previously linked to cGMP-mediated signaling are identical between AQP1, CNG channels and PDEs \[[@B16]\]. The relevance of these residues for AQP1 ion channel activation was unknown, and is the focus of work presented here.

The molecular structure of AQP1 investigated by high resolution imaging suggests the presence of four individual pathways for transmembrane water movement (one in each subunit) that are structurally incompatible with ion conduction \[[@B1],[@B18],[@B19]\]. It is proposed that a gated pathway for cations might be in the central pore of aquaporin ion channels \[[@B11],[@B18]\]. In the oocyte expression system, only a small proportion of the population of aquaporin water channels appear active as ion channels, as determined by comparing the total water permeability and the total ion conductance values. For example, AQP1 expressed in *Xenopus*oocytes exhibited water-to-ion channel ratios ranging from 1:30,000 to 1:180,000, depending on the batch of oocytes (Boassa and Yool, unpublished observations). AQP1-expressing oocytes injected with 1 ng cRNA showed a water permeability (Pf) value of approximately 95 × 10^-4^cm/s, and an ionic conductance of approximately 50 μS after activation by cGMP \[[@B9],[@B20]\]. Similarly, AQP6 expressed in oocytes injected with 5--10 ng cRNA showed a Pf value of approximately 93 × 10^-4^cm/s and an ionic conductance of approximately 35 μS after activation by HgCl~2~\[[@B21]\], suggesting a comparably low overall ratio of total water permeability to ionic conductance (reasonably assuming the unitary conductances within an order of magnitude to those of AQP1). Low levels of ion channel activity might reflect an incomplete environment in non-native expression systems, or alternatively might suggest that not many AQP ion channels are needed to exert a physiological effect.

The fact that several members of the MIP family have been found to show ion channel activity suggests that this function is physiologically relevant, rather than a rare accident of protein misfolding as has been suggested for AQP1 \[[@B12]\]. Ion channel function has been shown for mammalian AQP0 (lens MIP) \[[@B22]-[@B24]\], AQP1 \[[@B9],[@B12]\], AQP6 \[[@B21]\], soybean nodulin 26 \[[@B25]\], and *Drosophila*Big Brain \[[@B26]\]. Physiological roles of ion channel function remain to be demonstrated for any of these channels expressed in native tissues. Possible regulatory mechanisms that might govern aquaporin ion channel availability in native tissues remain to be identified.

Model-based calculations indicate that even a relatively small proportion of AQP1 channels (1:56000) having an ion conductance stimulated by cGMP could contribute a physiologically relevant increase in renal Na^+^reabsorption \[[@B11]\]. Furthermore, the ability of a small number of ion channels to potently influence membrane potential is well established, in that relatively tiny net ion fluxes drive large changes in membrane potential \[[@B27]\]. Ion channels need not be abundant to have physiologically significant functions. In addition, the existence of a majority of non-active channels has precedent. For example, the long opening events (P~0~≥ 0.5) described for epithelial Na channels (ENaC) using patch clamp have been found to involve a minority of the channels at the oocyte cell surface; if channel activity is calculated instead considering the whole ENaC population, the mean open probability is estimated at 0.014 to 0.004 \[[@B28]\].

Although water passes through individual pores in each subunit of the tetramer, the water permeability of AQP1 requires tetrameric assembly of the channel in the plasma membrane \[[@B29],[@B30]\]. In contrast to the ion conductance, water flux is suggested to be independent of signaling mediated through the C-terminus. Proteolytic removal of the AQP1 C-terminus after proteins were incorporated into red blood cell membranes did not abolish osmotic water permeability \[[@B31]\]. Because water flux depends on correct assembly and membrane localization, the expression of osmotic water permeability is a useful tool to rule out gross disruptions of protein folding or targeting in AQP1 mutant channels.

C-terminal amino acids that are conserved between AQP1, CNG channels and cGMP-selective phosphodiesterases (PDE) were analyzed by site-directed mutagenesis in the present study. Mutations of two key amino acids (D237 and K243) were found to decrease the amplitude of the AQP1 ionic conductance to sodium nitroprusside (SNP). Several mutations at other C-terminal residues had no effect on the cGMP-dependent conductance response. These data support the hypothesis that the C-terminal domain mediates cGMP-induced activation of ion channel function in AQP1.

Results
=======

Confirmation of wild type and mutant AQP1 channel expression by osmotic swelling
--------------------------------------------------------------------------------

Expression of AQP1 wild type and mutant channels in the oocyte plasma membrane was confirmed by osmotic swelling assays (Fig. [1](#F1){ref-type="fig"}). *Xenopus*oocytes were injected with 50 nl of sterile water containing no cRNA (control), or with 1 ng of human AQP1 wild type or site-directed mutant cRNAs, at least two days prior to analysis. Relative volume increases were measured by osmotic swelling assays (as described in the Methods). Figure [1A](#F1){ref-type="fig"} shows data for relative volume increases in representative examples of control oocytes and oocytes expressing AQP1 wild type and mutant channels. In all experiments, control and AQP1-expressing oocytes were compared within the same batch of oocytes; replicate experiments were done in separate batches of oocytes. Expression of the wild type and mutant channels enabled rapid osmotically-driven increases in relative volume in 50% hypotonic saline. Control oocytes did not show any appreciable increase in relative volume over several minutes in the same condition. Figure [1B](#F1){ref-type="fig"} summarizes the osmotic water permeability (Pf) values for wild type and mutant channels, compiled from a total of 123 oocytes from 11 batches. Mutant channels showed osmotic water permeability values equivalent to those of wild type (significantly greater than control, but not significantly different than wild type AQP1), ruling out non-specific effects of the mutations on translation, folding and targeting of the subunits.

![Osmotically induced swelling in oocytes expressing AQP1 wild type and C-terminal mutant channels. **A.**Relative volume increases were determined by videomicroscopy as a function of time after the transfer of the oocytes from 200 mOsM into 100 mOsM saline at time 0. The change in cross-sectional area of the oocyte was converted to volume to calculate relative volume increase and standardized to the initial volume at time zero. Data are shown for representative individual oocytes. Panels show data for control and AQP1 wild type- or mutant-expressing oocytes from within the same batches of oocytes. **B.**Summary of the osmotic water permeability (Pf) values for wild type and mutant channels. Data for Pf (cm/s × 10^-4^) are mean ± SEM; n values are shown in parentheses (right). Unpaired two-tailed Student\'s t tests were used to analyze significance. An asterisk (\*) indicates a value that is significantly different (p \< 0.0005) from control; the pound sign (\#) indicates a value that is significantly different (p \< 0.009) from wild type AQP1.](1472-6793-3-12-1){#F1}

Dose-dependent activation of ionic current in AQP1 channels by a nitric oxide donor
-----------------------------------------------------------------------------------

Direct injection of cGMP or extracellular application of a membrane-permeant cGMP analog has been used previously to activate the AQP1 ion conductance, although relatively slowly \[[@B9]\]. Extracellular SNP, a nitric oxide donor, is a more rapid and simple method for inducing the AQP1 ion current, as illustrated in Fig. [2](#F2){ref-type="fig"} for the wild type AQP1 channel. Oocytes express soluble guanylate cyclase that can be stimulated by nitric oxide to produce cGMP \[[@B32]\]. SNP caused a dose-dependent activation of the ionic conductance in AQP1-expressing oocytes, with significantly less effect on the native channels of control oocytes (Fig. [2A](#F2){ref-type="fig"}). In each experiment, data for control, AQP1 wild type- and AQP1 mutant-expressing oocytes were compared within the same batch of oocytes. Oocytes were tested either with a single dose or with a series of increasing concentrations of SNP; no differences were observed in the final amplitudes of the induced responses. In most cases at lower doses (3--6 mM SNP) the AQP1 conductance showed an outward rectification (Fig. [2B](#F2){ref-type="fig"}), but it was linear in current-voltage relationship at higher doses. This effect is generally similar to that seen for cGMP-gated channels from rod photoreceptors, which rectify at sub-saturating concentrations of cGMP and, at saturating levels of cGMP, show a linear current-voltage relationship \[[@B33]-[@B35]\]. In Figure [2C](#F2){ref-type="fig"}, the \"initial conductance\" represents the value for oocytes recorded prior to SNP, and the \"final conductance\" is the response at 4 min after SNP application. The \"net conductance\" responses after SNP were calculated by subtracting the initial from the final traces for each oocyte. Control oocytes showed a small but reproducible conductance response to 14 mM SNP, and variable conductances at higher SNP concentrations that prevented assessment of doses exceeding 14 mM. For AQP1 channels, the component of the response that is attributed specifically to a cGMP-dependent conductance is the difference in net conductance values between AQP1 and control oocytes (Fig. [2D](#F2){ref-type="fig"}). Data for the difference between mean net wild type and control conductances (wt-cont) were fit with the equation:

![Wild type AQP1 channels show a dose-dependent ionic conductance response to the nitric oxide donor, sodium nitroprusside. **A.**Comparison of representative currents before and after 14 mM SNP in AQP1-expressing and control oocytes. Voltage steps were +60 mV to -110 mV in -10 mV intervals, from -40 mV holding potential. The net current is (final)-(initial). **B.**Dose-dependence of net current responses of wild type AQP1-expressing oocytes, with the same voltage protocol as in (A). **C.**Summary of data for conductance responses (mean ± SEM, n = 9--34 oocytes per group) at different doses of SNP (indicated in mM on horizontal axis). \'Initial\' data are the conductance levels of the oocytes recorded prior to SNP application, and represent total conductance rather than net values. The net conductance responses were calculated by subtracting the matched initial values individually from the SNP response for each oocyte.**D.**Mean values ± SEM (n = 7 oocytes per group within the same batch of oocytes) are shown for net conductance responses to SNP for control (square) and AQP1-expressing oocytes (circle). The difference between mean net AQP1 and control conductances (diamond) was fit to estimate an EC~50~value of 7.8 mM SNP; see text for details. **E.**Dose-dependent rate of activation of ionic current by SNP in representative AQP1-expressing oocytes, measured at 5 sec intervals with voltage steps to +40 mV from a holding potential of -40 mV. The arrow indicates the time of application of SNP in the recording chamber bath. Data prior to the application are superimposed.](1472-6793-3-12-2){#F2}

G~(wt-con)~= C + {\[SNP\] G~max~/ \[SNP\]+EC~50~}

yielding an estimated EC~50~of 7.8 mM (correlation coefficient R = 0.98). This value should be considered as an approximation at best, since saturating doses of SNP were not achieved (our studies were limited by endogenous oocyte currents at SNP concentrations greater than 14 mM).

The ion conductance response initiated by SNP typically showed a latency of 5--10 s, and approached a dose-dependent plateau of current amplitude after \~4 min in most batches of oocytes (Fig. [2E](#F2){ref-type="fig"}). This plateau reflected a steady state between the proportion of channels activated and not activated at a given concentration of SNP, which was presumed to correspond directly to the intracellular level of cGMP as a balance between synthesis and degradation. However, to confirm this, it was necessary to correlate the dose of SNP with the steady state cGMP concentration achieved, and to ensure that the SNP effect was in a linear dose-response range for cGMP production.

SNP stimulates cGMP production in *Xenopus*oocytes
--------------------------------------------------

In order to relate the magnitude of the ionic conductance responses induced by SNP to increases in oocyte cGMP levels, we used an enzyme-based immunoassay to measure cGMP concentrations under the same conditions used in the electrophysiological experiments (Fig. [3](#F3){ref-type="fig"}). The mean basal cGMP content in the unstimulated state was 199 ± 137 fmol/oocyte (mean ± SEM, for 4 replicate samples of 10 oocytes per sample, with each sample from a different batch of oocytes). The large standard error indicates that some variability exists in endogenous levels of cGMP between batches of oocytes derived from different female donor frogs; a similar phenomenon has been noted for basal cAMP levels in oocytes \[[@B36]\]. In our experiments, oocytes were incubated with different doses of SNP for 4 minutes, matching the conditions of the electrophysiological assays (above). The level of cytosolic cGMP in the oocyte reflects the balance between nitric oxide stimulation of guanylate cyclase and the levels of phosphodiesterase activities. Phosphodiesterase inhibitors were not used in the electrophysiological or biochemical assays.

![Intracellular cGMP produced in oocytes in response to SNP. Oocytes were tested in conditions comparable to those used for electrophysiological analyses, being assayed after 4 minutes of treatment with various concentrations of SNP in K^+^recording saline. The amount of cGMP per oocyte was measured by enzyme immunoassay. Each point represents the mean of duplicate or triplicate measurements from four different experiments (separate batches of oocytes). Values shown are mean ± SEM.](1472-6793-3-12-3){#F3}

A linear concentration relationship was found between the dose of SNP and the resulting net increase in intracellular cGMP. The net increase in cGMP above basal levels did not show saturation within the range of SNP doses tested. Thus, the maximal ionic conductance responses seen in voltage clamp recordings are unlikely to result from an inherent limit on total oocyte cGMP production, but instead appear to reflect a maximal effect of the steady state cGMP level on AQP1 ion channel activity. However, we cannot rule out possible localized degradation of a membrane-compartment associated pool of cGMP in limiting the response, similar to that described for cAMP in HEK cells \[[@B37]\].

An equilibrium dissociation constant (K~D~) value of 0.2 μM cGMP was estimated previously from competition binding studies with cGMP for AQP1 channels expressed in SF9 cells \[[@B9]\]. The concentration required for the half maximal response (EC~50~) value for AQP1 is expected to be higher than the K~D~value, since receptor occupancy is not identical to response efficacy \[[@B38]\]. A dose of \~8 mM SNP (estimated EC~50~value) corresponds to \~900 fmol cGMP per oocyte (Fig. [3](#F3){ref-type="fig"}), or approximately 1.8 μM cGMP (assuming a cytoplasmic volume of 0.5 μl), and thus falls into a reasonable range for the observed dose-dependent activation.

Ion channels can be affected by nitric oxide through chemical modification, such as S-nitrosylation \[[@B39]\]. To test for a direct role of cGMP in the responses we observed, AQP1-expressing oocytes were pre-incubated 3 hours with ODQ (1H-\[[@B1],[@B2],[@B4]\]oxadiazolo \[4,3-a\]quinoxalin-1-one), an inhibitor of soluble guanylate cyclase. If AQP1 channel activation were due to nitric oxide modification, then the conductance should persist in ODQ. However, the ODQ inhibitor effectively prevented an AQP1 conductance response to SNP (Fig. [4](#F4){ref-type="fig"}), confirming that the activation of the conductance is dependent on guanylate cyclase activity and cGMP production, and cannot be attributed to a possible chemical modification of AQP1 residues by nitric oxide.

![Inhibition of soluble guanylate cyclase prevents the AQP1 conductance response to SNP. Wild type AQP1-expressing and control oocytes were incubated three hours in ND96 saline with or without an inhibitor of soluble guanylate cyclase (1H-\[[@B1],[@B2],[@B4]\]oxadiazolo \[4,3-a\]quinoxalin-1-one, ODQ, 10 μM) prior to electrophysiological analysis of the response to SNP (doses indicated in mM on horizontal axis). Data are mean ± SEM; n = 3 or 4 oocytes per group. An asterisk (\*) indicates values that are significantly different (p \< 0.04) from control; the pound sign (\#) indicates values that are significantly different (p \< 0.04) from wild type AQP1 (unpaired two-tailed Student\'s t test).](1472-6793-3-12-4){#F4}

Conserved amino acids in the carboxyl terminal domain contribute to the cGMP-induced activation
-----------------------------------------------------------------------------------------------

Based on similarities in amino acid sequence between the AQP1 C-terminus, and subdomains of CNG channels and cGMP-PDE \[[@B16]\], we generated a set of mutations in the carboxyl terminal domain of AQP1. Aspartate (D) at position 237 was substituted with serine (S), asparagine (N), lysine (K) or alanine (A). Lysine at position 243 was substituted with cysteine (C). These mutant channels showed osmotically induced water permeabilities at levels equivalent to that of AQP1 wild type (Fig. [1](#F1){ref-type="fig"}, Table [2](#T2){ref-type="table"}). In contrast, the ionic conductance responses showed distinct differences depending on the mutation (Figs. [5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}). Data compiled in histograms summarize the initial and net SNP-induced conductance data for mutant channels, with corresponding wild type and control responses assessed from within the same batches of oocytes (Figs. [5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}). The \"initial conductance\" represents the value for oocytes recorded prior to SNP, and the \"final conductance\" is the response at 4 min after SNP application. The \"net conductance\" responses after SNP were calculated by subtracting the initial from the final traces for each oocyte. Oocytes expressing AQP1 channels with single mutations D237S, D237N (Fig. [5A](#F5){ref-type="fig"}) and D237K (Fig. [5B](#F5){ref-type="fig"}) showed dose-dependent ionic conductance responses to SNP that were comparable to that of wild type AQP1; however, the conductance response of D237A-expressing oocytes was decreased by a small but significant amount (Fig. [5A](#F5){ref-type="fig"}). Oocytes expressing the mutant channel K243C also showed a significantly lower conductance response as compared with wild type AQP1 (Fig. [5C](#F5){ref-type="fig"}).

###### 

List of primers used for the site-directed mutations of selected amino acids in the carboxyl terminal domain of Aquaporin-1.

  Mutation        Primer      Position     Sequence (mutation underlined)
  --------------- ----------- ------------ ----------------------------------------------------
  D237S           Sense       bp 726-759   5\'-GGCCCCACGCAGCAGT[AGC]{.ul}CTCACAGACCGCGTG-3\'
  D237S           Antisense   bp 759-726   5\'-CACGCGGTCTGTGAG[GCT]{.ul}ACTGCTGCGTGGGGCC-3\'
  D237N           Sense       bp 725-759   5\'-TGGCCCCACGCAGCAGT[AAC]{.ul}CTCACAGACCGCGTG-3\'
  D237N           Antisense   bp 759-725   5\'-CACGCGGTCTGTGAG[GTT]{.ul}ACTGCTGCGTGGGGCCA-3\'
  D237K           Sense       bp 727-759   5\'-GCCCCACGCAGCAGT[AAG]{.ul}CTCACAGACCGCGTG-3\'
  D237K           Antisense   bp 759-727   5\'-CACGCGGTCTGTGAG[CTT]{.ul}ACTGCTGCGTGGGGC-3\'
  D237A           Sense       bp 726-760   5\'-GGCCCCACGCAGCAGT[GCC]{.ul}CTCACAGACCGCGTGA-3\'
  D237A           Antisense   bp 760-726   5\'-TCACGCGGTCTGTGAG[GGC]{.ul}ACTGCTGCGTGGGGCC-3\'
  K243C           Sense       bp 744-778   5\'-CCTCACAGACCGCGTG[TGC]{.ul}GTGTGGACCAGCGGCC-3\'
  K243C           Antisense   bp 778-744   5\'-GGCCGCTGGTCCACAC[GCA]{.ul}CACGCGGTCTGTGAGG-3\'
  D237A + K243C   Sense       bp 744-778   5\'-CCTCACAGACCGCGTG[TGC]{.ul}GTGTGGACCAGCGGCC-3\'
  D237A + K243C   Antisense   bp 778-744   5\'-GGCCGCTGGTCCACAC[GCA]{.ul}CACGCGGTCTGTGAGG-3\'

![Summary of the effects of AQP1 C-terminal mutations on the net conductance responses evoked by SNP. Data are grouped to compare control, AQP1 wild type and mutant responses from within the same batches of oocytes. The mutants D237S, D237N (**A**) and D237K (**B**) showed dose-dependent responses to SNP (mM) comparable to that of wild type AQP1. However, the mutations D237A (**A**) and K243C (**C**) showed decreased conductance responses at all doses of SNP as compared with wild type. \'Initial\' data are the conductance levels of the oocytes recorded prior to SNP application, and represent total conductance rather than net values. The net conductance responses were calculated by subtracting the matched initial values individually from the SNP response for each oocyte. Data are mean ± SEM; n = 3--28 oocytes per group. An asterisk (\*) indicates values that are significantly different (p \< 0.02) from control; the pound sign (\#) indicates values that are significantly different (p \< 0.04) from wild type AQP1 (unpaired two-tailed Student\'s t test).](1472-6793-3-12-5){#F5}

![Double mutation D237A + K243C in the AQP1 carboxyl terminal domain shows a decreased conductance response to SNP as compared with wild type. **A.**Net current responses of control oocytes, and oocytes expressing AQP1 wild type and mutant channels were measured for voltage steps from +60 mV to -110 mV in -10 mV intervals, from -40 mV holding potential, after 4 minutes in 8 mM SNP. **B.**Summary of conductances (mean ± SEM, n = 9--18 oocytes per group) measured at different doses of SNP (mM). \'Initial\' data are the conductance levels of the oocytes recorded prior to SNP application. The net conductance responses were calculated by subtracting the matched initial values individually from the SNP response for each oocyte. An asterisk (\*) indicates values that are significantly different (p \< 0.006) from control; the pound sign (\#) indicates values that are significantly different (p \< 0.0001) from wild type AQP1 (unpaired two-tailed Student\'s t test).](1472-6793-3-12-6){#F6}

Based on the two effective single mutations, we generated an AQP1 mutant containing the double mutation D237A and K243C (Fig. [6](#F6){ref-type="fig"}). Although the double mutant channel was not significantly different from wild type AQP1 in water permeability (Fig. [1](#F1){ref-type="fig"}, Table [2](#T2){ref-type="table"}), this mutant channel showed a dramatic decrease in ion conductance amplitude at 14 mM SNP, to a level that was significantly less than wild type but significantly greater than control. Two general possibilities could explain a reduced conductance response for mutated channels. First, the decreased amplitude could reflect a decrease in the number of channels that are expressed correctly in the membrane as compared to wild type. However, the possibility that the double mutant channel was poorly expressed was contradicted by our observation that the osmotic water permeabilities of oocytes expressing wild type and double mutant AQP1 constructs were comparable, arguing against a substantial defect in channel expression. Second, a decreased amplitude could reflect a decrease in affinity for cGMP or a decrease in maximal response amplitude in the mutant channels. Additional studies are needed to distinguish between the two possibilities.

Interestingly, several other substitutions of D237 with uncharged amino acids were tolerated without grossly affecting the macroscopic properties of cGMP-dependent AQP1 channel activation, suggesting that this residue might serve a general property such as positioning of the C-terminal domain, rather than providing for direct electrostatic interactions. The persistence of residual cGMP-dependent ion channel activity in the double mutant and the tolerance of the region for other mutations at D237 indicate that binding and activation by cGMP are not absolutely disrupted by mutations of D237 and K243, suggesting that other residues contribute to the cGMP-dependent activation. Nonetheless, based on our results, a significant decrease in the response of the double mutant is clear, and suggests the structure of AQP1 C-terminal domain is important for cGMP-mediated activation.

Mutations also were generated at three other positions that are similar between AQP1 C-terminal and the corresponding region of CNG channels (data not shown). These were R263G/E/Q, and the double mutant S236H + L238R; neither construct had an appreciable effect on SNP-induced activation of the AQP1 ion conductance (Boassa, Steidl, and Yool, unpublished data). Thus, not all the observed similarities in sequence necessarily reflect positions critical for cGMP-induced channel activation, although they might serve in other regulatory interactions not identified in this study.

In order to assess the possibility that the reduced current in the double mutant was due to a rapid selective loss of channels from the membrane after SNP application, we compared the osmotic water permeability values in oocytes expressing D237A + K243C, with and without treatment with 14 mM SNP. The water permeability Pf values (given here as units cm/s × 10^-4^) for the double mutant without SNP treatment were 100 ± 12 (mean ± SEM, n = 11), and 79 ± 7 (n = 21) after SNP. For AQP1 wild type, the Pf values were 83 ± 10 (n = 6) without SNP treatment, and 96 ± 7 (n = 27) after SNP. No treatment group showed statistically significant differences from any of the other groups.

We next considered the possibility that the effect of cysteine substitution at K243 might alter AQP1 ion channel function by allowing the formation of disulfide bridges with other cysteine residues (Fig. [7](#F7){ref-type="fig"}). If bridge formation were inhibiting activation in the double mutant channel, we would expect treatment with a cysteine-reducing agent to enhance the amplitude of the conductance response. We tested this possibility by pre-incubating control, AQP1 wild type, and double mutant D237A + K243C-expressing oocytes in the reducing agent dithiothreitol (DTT, 10 mM, in ND96 saline) for one hour prior to testing for activation with SNP. Data presented in Fig. [7](#F7){ref-type="fig"} indicate that wild type AQP1-expressing oocytes showed conductance responses to SNP that were not significantly different with or without DTT preincubation.

![Effects of preincubation with the reducing agent dithiothreitol (DTT) on SNP-induced ionic conductances. Oocytes expressing AQP1 wild type and double mutant D237A + K243C channels, and control oocytes were preincubated in ND96 saline with and without 10 mM DTT for 1 hour prior to electrophysiological recording of the response to SNP. Initial data are prior to SNP application; net conductances are (final)-(initial) for the SNP doses (mM) as indicated. An asterisk (\*) indicates values that are significantly different (p \< 0.006) from control; the pound sign (\#) indicates values that are significantly different (p \< 0.0001) from wild type AQP1 (unpaired two-tailed Student\'s t test) for comparisons within the same treatment group (with or without DTT). For other statistical comparisons, see details in text.](1472-6793-3-12-7){#F7}

However, double mutant D237A + K243C-expressing oocytes appeared to show a significantly lower conductance after DTT treatment as compared to no DTT exposure (p \< 0.03). This result contradicted the alternative hypothesis, and suggested that disulfide bridge formation does not account for the reduced ionic conductance response. In agreement with results of Fig. [6](#F6){ref-type="fig"}, the responses of the double mutant-expressing oocytes shown in Fig. [7](#F7){ref-type="fig"} were significantly greater than that of control oocytes (p \< 0.02), and significantly less than that of wild type (p \< 0.007) within the same treatment groups (with and without DTT). Interestingly, the small native conductance activated by SNP in control oocytes was significantly reduced by DTT pre-treatment (p \< 0.01), as compared with SNP-induced control oocytes without DTT. This suggests that the unidentified SNP-sensitive oocyte channels might have cysteine disulfide bonds that influence levels of channel activity, apparently unlike wild type AQP1. Based on this observation, it is possible that the perceived reduction in the conductance response of D237A + K243C after DTT might simply reflect the reduced contribution of the native oocyte channels to the overall final conductance, made more noticeable by the smaller signal-to-noise ratio for D237A + K243C as compared with wild type. If the net control conductances are subtracted from the net mutant conductances within each treatment group, the conductances of D237A + K243C channels with and without DTT are comparable.

In summary, our data show that the C-terminal domain of AQP1 is essential for cGMP-mediated activation of the ionic conductance, and that amino acids D237 and K243 influence the efficacy of cGMP-induced gating.

Discussion
==========

Results here show that the cGMP-mediated activation of ion conductance in AQP1 channels depends on the amino acid sequence of the C-terminal domain, and that the efficacy of activation is altered by the mutation of two key residues. These AQP1 residues D237 and K243 are found in CNG channels and cGMP-selective phosphodiesterases \[[@B16]\]. The double mutation of AQP1 D237A and K243C significantly decreased the efficacy of cGMP as compared with AQP1 wild type. Several mechanisms could contribute to the lowered efficacy of macroscopic activation, including a decreased affinity for cGMP, alterations in coupling of cGMP binding to channel opening, decreased open probability or single channel conductance, the loss of modulating protein/signaling interactions, and others; these are interesting questions to pursue in future studies. Our analyses support the idea that the reduced conductance of the AQP1 channels with C-terminal mutations is not simply due to a loss of channel expression in the membrane, or to the formation of cysteine disulfide bridges involving the K243C residue.

Although the AQP1 C-terminus is small in comparison to the full CNBD of CNG channels, our data indicate this domain is important in cGMP-induced activation. The tolerance of this region for several of the various mutations tested in our study suggests that D237 and K243 do not alone account for cGMP-dependent activation. Other residues in the C-terminus, as well as other regions of the AQP1 channel could contribute to regulating channel activation. Protein-protein interactions also might regulate aquaporin ion channels. For example, AQP1 is expressed in the inner ear \[[@B40]\], where it is linked by PDZ-mediated protein interactions to ephrin tyrosine-kinase receptors and anion transporters that might direct the production of endolymph fluid \[[@B41]\]. Results presented here provide a foundation for further work exploring the role of the C-terminal sequence in the mechanism of activation of AQP1 ion channels.

The gated ion channel function of AQP1 might contribute to many regulatory mechanisms, including development, volume regulation, and transmembrane fluid transport. AQP1 is expressed in some mammalian tissues in which elevation of cGMP levels could subserve transmembrane signaling. However, at present, there are no data demonstrating physiological roles for any of the aquaporin ion channels. The presence of ion channel function in three of the mammalian aquaporins (AQP0, 1 and 6) lends credence to the hypothesis that the ion channel capacity is a useful feature whose functional role still is not completely understood. Other aquaporin channels might yet be identified once appropriate triggering signals are identified. It will be of interest to extend the studies of various aquaporin ion channels beyond the oocyte expression system, to characterize their roles in cells that endogenously express these channels and their native interacting proteins.

Methods
=======

Oocyte preparation
------------------

Oocytes at stages V and VI were harvested from female *Xenopus laevis*and prepared as described previously \[[@B9]\]. Oocytes were injected the day after isolation with either 50 nl of water or 50 nl of water containing human AQP1 wild type, D237N, D237S, D237A, K243C, or double-mutant D237A-K243C cRNA. Oocytes were incubated at 18°C in ND96 culture medium (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl~2~, 1 mM MgCl~2~, 2.5 mM Na-pyruvate, 5 mM HEPES, 100 U/ml penicillin, and 100 μg/ml streptomycin, pH 7.6) for 2--5 days to allow protein expression before recording. cDNA for wild type human AQP1 was provided by P. Agre, Johns Hopkins, Baltimore MD \[[@B42]\]. In all experiments, control and AQP1 wild type- and mutant-expressing oocytes were compared within the same batch of oocytes; replicate experiments were done in separate batches of oocytes.

Swelling assay
--------------

Osmotic swelling was analyzed from volume changes recorded by a high performance CCD video camera (Cohu, San Diego, CA). At time zero, oocytes were transferred from Na^+^saline (\~200 mOsM) into 50% hypotonic Na^+^saline (\~100 mOsM) to induce swelling. The Na^+^saline contained (in mM) NaCl 100; MgCl~2~5; HEPES 5 (pH 7.3). The hypotonic saline contained (in mM) NaCl 50; MgCl~2~5; HEPES 5 (pH 7.3). Images were captured every 4 s for 3 minutes and analyzed using Scion Image Software (Scion Corporation, Frederick, Maryland).

The measured maximal cross sectional area of the oocyte was used to calculate spherical volume. The relative volume increase was determined as the proportional increase in volume, standardized to the initial volume at time zero. The relative volume increase responses plotted as a function of time of exposure to hypotonic saline were fit with a model-independent second order polynomial, and the initial rates of swelling \[(d(V/V~0~)/dt\] were calculated from the linear component of the fit. Osmotic water permeability (Pf) values for each oocyte are defined as: Pf = \[V~0~× d(V/V~0~)/dt\]/ \[S × V~w~× (osm~in~- osm~out~)\], with initial oocyte volume V~0~= 9 × 10 ^-4^cm^3^, initial oocyte surface area S = 0.045 cm^2^, molar ratio of water V~w~= 18 cm^3^/mol, osmolarity inside the oocyte osm~in~= 200 mOsM, and osmolarity outside the oocyte in hypotonic saline osm~out~= 100 mOsM. Pf values (cm/s × 10^-4^) are given as mean ± SEM.

Site-directed mutagenesis and *in vitro*RNA synthesis
-----------------------------------------------------

Site-directed mutagenesis was done with the Quikchange kit (Stratagene, La Jolla, CA) using PfuTurbo DNA polymerase. Complementary pairs of synthetic oligonucleotide primers containing the desired mutation (listed in Table [1](#T1){ref-type="table"}) were used to amplify the full-length plasmid with the AQP1 cDNA insert. As per the manufacturer\'s protocol, the PCR product was treated with Dpn I endonuclease to digest the methylated wild type DNA template, and transformed into Epicurian Coli XL1-Blue supercompetent cells.

###### 

Summary of mean osmotic water permeability and ionic conductance values for Aquaporin-1 wild type and mutant channels.

  **Prep\'n**   **Amino acid**   **Fluxes ± SEM (n)**                         
  ------------- ---------------- ---------------------- --------------------- --------------------
  Wild type     D                K                      95.93 ± 7.01 (27)     1.04 ± 0.05 (28)
  Mutants       S                K                      108.57 ± 11.62 (12)   0.88 ± 0.19 (7)
                N                K                      91 ± 7.57 (11)        0.73 ± 0.19 (5)
                K                K                      82.88 ± 25.91 (4)     1.11 ± 0.16 (4)
                A                K                      81.48 ± 7.88 (12)     0.71 ± 0.02 (8)\*
                D                C                      98.91 ± 24.04 (7)     0.58 ± 0.07 (5)\*
                A                C                      77.1 ± 8.02 (19)      0.31 ± 0.05 (18)\*

Osmotic water permeability (Pf) and ionic conductance (G) data are shown as mean ± SEM; n values (\# oocytes) are shown in parentheses. Net ionic conductance values at 14 mM sodium nitroprusside (SNP) were normalized to the mean net conductance value of the wild type channel from the same batch of oocytes at 14 mM SNP. Net conductance values were calculated by subtracting the matched initial values recorded prior to SNP application individually from the SNP response for each oocyte. An asterisk (\*) indicates values significantly different from wild type (p \< 0.04; unpaired two-tailed Student\'s t test).

Successful incorporation of the mutations was confirmed by DNA sequence analyses, using forward and reverse primers to check the entire AQP1 sequence, and confirm the absence of random mutations. Capped cRNA transcripts were synthesized *in vitro*with T3 RNA polymerase enzyme, using BamHI-linearized cDNA as a template. The RNA concentration was determined by UV absorbance spectrophotometry to standardize the amounts of RNA that were injected into the oocytes, and the correct size and quality was checked by agarose gel electrophoresis.

Electrophysiological recordings
-------------------------------

Recordings were made using the two-electrode voltage clamp technique. Borosilicate electrodes were filled with 3 M KCl (1--3 MOhm). Recordings were done in K^+^bath saline containing 40 mM KCl, 60 mM K gluconate, 5 mM MgCl~2~, 5 mM HEPES, and 2 mM EGTA, pH 7.3, at room temperature. Conductance responses were measured before, during and after the application of each SNP dose with a GeneClamp amplifier and pClamp software (Axon Instruments, Foster City, CA). Data were filtered at 2 kHz, digitized at 10 kHz, and stored to hard disk for off-line analysis. Net conductance values are reported as mean ± SEM. Statistical comparisons are described in the figure legends or text.

Sodium nitroprusside (SNP; Sigma Co., St. Louis MO) was prepared fresh daily as a stock solution (200--600 mM) in recording saline and kept on ice, protected from light. The final SNP concentration was obtained by adding a calculated amount of the stock solution to the recording chamber. Oocytes were tested either with single doses, or with a series of increasing concentrations of SNP; the results were comparable with either method of application. All oocytes were preincubated prior to recording for 1--3 hours in the presence of 10 μM H7 (1-(5-Isoquinolinesulfonyl)-2-methylpiperazine dihydrochloride; Sigma Co., St. Louis MO), a kinase antagonist that minimizes possible cross talk with other endogenous signaling pathways in oocytes \[[@B9],[@B11]\].

Biochemical measures of cGMP
----------------------------

cGMP was assayed using the Biotrak enzyme immunoassay (EIA) system (Amersham Pharmacia, Piscataway NJ). Oocytes (10 per group) were placed in 24-well plates in K^+^recording saline. SNP at different doses was added for 4 minutes to match the conditions of the electrophysiology experiments. Reactions were stopped by removal of the SNP saline, and addition of the kit assay buffer. After cooling on ice, cells were lysed and centrifuged at 1,000 g for 15 minutes. The supernatant was removed and centrifuged at 10,000 g for 20 minutes; pellets of membranes and cellular debris were discarded. The supernatant, which consisted of the oocyte cytosolic fraction, was then used immediately for the EIA assay.
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